State of Health (SOH) estimation of lithium-ion battery is momentous for Battery Management Systems (BMS) in Electric Vehicle (EV). Nevertheless, one of the biggest challenges is which indicator can be used to describe the SOH considering external impact factors. In this paper, according to the accelerated testing results during the whole battery lifetime, the statistical-driven analysis method such as Path Analysis (PA) is adopted to reveal the sensitive relationship between capacity degradation and the fading law of internal impedance parameters identified from Equivalent Circuit Model (ECM). And the direct influence of each impedance parameter and indirect influence between them are analyzed, a new life indicator based on sensitive characteristic parameters is proposed, which can describe the capacity degradation characteristics of the battery as well as the power recession characteristics. Furthermore, to analysis the disturbance caused by the external factors such as environment temperature, more experiments are added and the compensating method is presented.
Introduction
The vehicle electrification and renewable energy integration have emerged as a feasible pathway for energy shortage and environmental protection. Lithiumion batteries are now the leading candidate for use due to their desirable merits such as high energy and power densities. However, there is a critical challenge that battery health will decline due to irreversible physical and chemical changes during the repeated cycles, so that the battery performance will fade until it can't be used. Therefore, battery health monitoring and management play an important role in guaranteeing safety and efficient of system's operation [1] .
However, there is still controversy about the accurate definition of the battery's SOH. From the perspective of vehicle applications, the driving distance and the accelerated capability are the focus of attention which corresponds to the capacity and internal resistance within battery. Therefore, as for distance, the battery is no longer considered usable when the battery capacity reaches 80% of its initial capacity, and this is a common accepted SOH definition because of reflecting battery degradation directly [2] . By comparison, study [3] use expression dV/dQ to determine the life state of LIBs and similar indicator is also suggested by studies [4] [5] [6] . Diffusion capacitance, ohm resistance and DC internal resistance can also be symbolized as the presentative of the battery life [7] [8] [9] . In addition, different kinds of electric vehicles have different performance requirements. For instance, hybrid electric vehicle (HEV) always focuses on the transient discharge ability and battery electric vehicle (BEV) focuses on the driving range, and thus available power is more proper to the HEV than BEV. Moreover, the internal component may show different aging tendency, sometimes the battery capacity has not been decreased obviously but discharge performance is decay prominently [10] . All of these phenomena illustrate that SOH definition may be more complicated than the common accepted description by capacity degradation. Therefore, understanding the internal characteristic parameters aging tendency and find capacity-sensitivity impedance parameters are also needed for helping BMS to prevent potential failures.
Many literatures on the internal impedance characteristic parameters of LIB can be found. Study [11] investigate the dependence of impedance parameters on SOC by means of current-pulse technique, other works [12, 13] focus on temperature dependence through Electrochemical Impedance Spectroscopy (EIS), and study [14] take care of these both influence factors. Contrary to SOC and temperature, the influence of current on the battery internal impedance parameters is not extensively investigated, and the influence of the current is considered in [15] . While these experiments and analysis are completed for new state battery, some works investigate the dependency of battery aging on internal parameters consequently, which are often performed as accelerated cycling and Reference Performance Test (RPT) [16] [17] [18] . And the influence of the operating conditions on the capacity degradation of the lithium-ion battery over the lifetime have been investigated systematically in [19, 20] . To the best of our knowledge, there is, however, a lack of studies on sensitivity analysis between internal characteristic parameters and capacity based on statistical methods.
Considering this research gap, for the first time, the fading trend sensitivity of each component within battery under different SOH is analyzed by Path Analysis. In detail, batteries will be experienced the cycle testing under typical operation condition, and the value of each component is calculated based on the ECM and the fading law is discerned during the whole lifetime. And then PA statistical methods are implemented on the identified results to determine most representatives of battery performance and then a new indicator for battery life status is established. As mentioned above, the value of those internal impedance parameter generally fluctuates with temperature and SOC, thence extra tests to discern the influence mode of temperature and SOC are added. And the results show that the new battery life index obtained from the equivalent circuit model can accurately describe the battery aging state.
Experimental Setup
This work aims to investigate and analyze the internal component sensitivity based on ECMs in different life states. The testing samples used in this paper includes Lithium-ion Phosphate (LFP) and Nickel-CobaltAluminum (NCA) lithium-ion battery. The LFP with a rated capacity of 8Ah is used to analyze sensitivity of impedance parameters, and the LFP with a rated capacity of 40Ah and NCA with a rated capacity of 2.9Ah are used to verify the correctness of our results and compensate for temperature and SOC influence.
The test schedules are shown in Fig.1 , the whole tests include the following three categories. The first test schedule is the cycle aging test. The second test schedule is the characterization test for RPT. Besides the conventional capacity calibration and OCV-SOC testing, the current profile used for RPT testing include New European Driving Cycle (NEDC) and Urban Dynamometer Driving Schedule (UDDS) for the reason that the working condition can excite the battery dynamic characteristic fully, which can be used to identify the characteristic parameters. Thirdly, based on the test benchmarking, the influence of temperature and SOC on the value of internal parameters is discerned and some methods to compensate the deviation caused by this effect is presented accordingly. Each testing item is conducted in the same RPT process at different life stages.
Battery model parameters fading law analysis
The model-based method is adopted in our research to mine the relationship between internal parameters and capacity during battery aging process. ECMs utilize a combination of analogue electrical circuit elements to emulate the battery dynamics and internal state, possessing noticeable flexibility and simplicity. As shown in Fig.2.(a) , a classical two-order ECM is adopted to describe the battery dynamic. Ro represents the ohmic resistance and the two parallel components composed of resistance Rp, Rd and capacitance Cp, Cd represent two polarization process with different time
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Paper ID: ICEEE2018-60 constant. In this paper, Rp and Cp correspond to the charge transfer process with short time constant and Rd, Cd correspond to the particle transfer process with long time constant. All parameters included in the ECM are sensitive to SOH, SOC and environmental temperature.
For cell 1 -cell 6, the fading tendency of internal parameters calibrated at 70% SOC during the whole lifetime are shown in Fig.2 , results have shown that Ro, Rp, Rd increases and Cp, Cd decreases with battery aging. According to the battery aging mechanism [21, 22] , the fading tendency of the internal parameters can be explained as below:
The increase in Ro is mainly caused by contact loss which caused by binder decomposition, current collector corrosion and the oxidation of conductive agent. On the other hand, during the aging process of the battery, the decomposition of the electrolyte and the reaction with metal can increase the viscosity of electrolyte and decrease the concentration of the lithium salt, resulting in decrease in the ionic conductivity of the electrolyte, which ultimately manifests increase in ohm resistance. The increase of Rp is mainly caused by the decomposing and reconstructing of the Solid Electrolyte Interface (SEI) film during the cycle. In addition, the increasement of the SEI thickness is equivalent to the increase of distance between the two plates of capacitor, which result in a decrease in the capacitance Cf. The increase of Rd indicating that the resistance of charge transfer increase, it is usually caused by a change in the structure of the active material inside the battery. And the specific physical significance of Cd is not clear yet, but we believe that it is usually caused by the gradual thickening and roughening of the electrode surface during the aging process.
From the perspective of the fading tendency and aging mechanism, the five parameters can all be used as the life index to characterize the state of battery life. Therefore, sensitive analysis is indispensable to find the internal impedance parameters that are most sensitive to capacity degradation. 
The statistical analysis of internal parameters 4.1 PA analysis
Path analysis (PA) can be used to analyze the linear relationship between multiple independent variables and dependent variables [23, 24] . It is an extension of regression analysis and can handle more complex variable relationships. Through resolving of the correlation coefficient between internal parameters, PA method can get the direct influence of each internal parameter on the battery capacity, and owns the ability to mine the indirect influence of each internal parameter on the battery capacity through other parameters.
Take the internal parameters of cell 1 calibrated at 70% SOC as an example, the linear regression equation is established based on the Least Square Method (LSM), which takes the normalized capacity as the dependent variable y and all the internal characteristic parameter as the independent variable. Based on the regression equation, the direct PA coefficient, i.e. the standardized partial regression coefficient of variable in the equation can be calculated, which represents the direct influence of each variable on the dependent variable. The indirect influence of each variable on the dependent variable through other independent variable can be characterized by indirect PA coefficient. And the value of the indirect PA coefficient of B to A equals the product of the direct PA coefficient of B and correlation coefficient between A and B.
The influencing degree of every internal parameter on normalized capacity can be compared by the results of direct path coefficient. Thus, it can be inferred from Table 1 that the significance of internal parameters can be sorted as Cd>Ro>Rp>Cp>Rd from the perspective of the capacity fading. The relationship between each parameter and the indirect effect of these parameters on the battery life can be explained as follows:
(1) The correlation coefficient between Ro and capacity is biggest and the direct path coefficient between them is also big as well as the indirect influence of the Ro through Cd, which indicates that the influence of the ohmic resistance on the battery capacity is mainly by itself and the coupling effect between Ro and the capacitance Cd.
(2) Among the rest internal parameters, the direct influence of Cd and its indirect influence through Ro are also great. The direct influence of Rp, Cp and Rd on the battery capacity is not so obvious, but their indirect influence through Ro and Cd is evident.
In conclusion, the best sensitive indicators for the battery life are the ohmic resistance Ro and capacitance Cd with regard to cell 1 calibrated at 70% SOC. This new indicator is based on the capacity decline rate, and the indicator involves information about internal resistance, so the new life indicator which contain capacity and power characteristics is more generalized. And the same conclusion can be obtained from other batteries.
Influence of temperature and SOC on the battery life indicator
Battery parameters may be influenced by not only aging but also SOC and temperature in practical working conditions. Therefore, it's worth analyzing temperature and SOC sensitivity to battery life indicator. Here, the calibration results of the cell 5 are used for analysis, and the results are list in Fig.3 .
(1) It can be seen that the value of the ohmic resistance Ro decreases with the increasing of calibrating temperature and the value of the capacitance Cd increases with the increasing of calibrating temperature. Temperature sensitivity is defined as the change in ohm resistance Ro and capacitance Cd at a temperature change of 1 °C, Ro minimum sensitivity is 0.0027 mΩ, and Cd minimum sensitivity is 230 F.
(2) And the affection mode of SOC on the battery life indicators is resembling within the normal temperature range, so the performance testing results at 25°C is analyzed for the affected mode of SOC, and the analyzed process and results is universal for other temperature. When the SOC is less than 30%, the internal resistance decreases rapidly, otherwise, the internal resistance gradually stabilizes as the SOC increases, and the capacitance Cd increase as SOC increases. The SOC sensitivity is defined as the ohm resistance Ro and capacitance Cd change value when the SOC changes by 1%. The Ro minimum sensitivity is 0.0006 mΩ, furthermore, Cd minimum sensitivity is 40F.
The sensitivity of internal resistance and capacity with temperature is at least 4.5 times and 5.75 times more sensitive than the internal resistance and capacity change with SOC, so temperature becomes a key factor affecting the internal resistance of the battery and some filtering methods must be considered. 
Where T is absolute temperature, Tref is reference temperature that is set to 25℃, i.e. 298.15K.α, β, μ, σ, δ is the undetermined parameters which is identified by some fitting methods, and then the regression equation is established as Eq. 
And the error between the real-life state and the calculated life state based on the Eq. (3) is listed in the Table 2 . It can be seen that the battery life state can be estimated by sensitive impedance parameters after considering external factors as long as y regression equation predefined. 
Conclusion
In summary, indicator of SOH is a primary issue for the estimation online in vehicle applications. Considering both the offline and online measurement, an effective definition method is established based on the statistical analysis between internal characteristic parameters and capacity during whole lifetime, which is obtained from the identified results based on the ECM. The analysis results show that the most important parameters include Ro and Cd for the two kinds of testing samples we used. To eliminate the disturbance of temperature and SOC, the modification method for correcting indicator is also presented. Verified by testing samples, the new indicator can satisfy the requirements of online applications used in electric vehicles.
In engineering applications, EIS is one of the most promising methods for characterizing aging effects in LIB because EIS provides information about different aging mechanisms, thus, in the following study, we will conduct EIS test to get impedance parameters and further validate our approach.
